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ELECTRONIC CONTROL TO REGULATE POWER FOR SOLID-STATE
LIGHTING AND METHODS THEREOF

Background
This application claims benefit under 35 U.S.C. § 119(e) of U.S.

Provisional Patent Application No. 61/115,438, filed November 17, 2008, and
U.S. Provisional Patent Application No. 61/154,619, filed February 23, 2009,
where these two provisional applications are incorporated herein by reference

in their entireties.

Technical Field

This disclosure generally relates to the field of illumination devices
and, more particularly, to regulation of electrical power applied to solid-state

lighting in an illumination device.

Description of the Related Art

With increasing trend of energy conservation and for various other
reasons, including replacement of gas-vapor lamps, solid-state lighting has
become more and more popular as the source of illumination in a wide range of
applications. As generally known, solid-state lighting refers to a type of lighting
that emits light from a solid object, such as a block of semiconductor, rather
than from a vacuum or gas tube as is the case in traditional lighting. Examples
of solid-state lighting include light-emitting diodes (LEDs), organic light-emitting
diodes (OLEDs), and polymer light-emitting diodes (PLEDs). Solid-state
lighting as compared to traditional lighting generates visible light with reduced
parasitic energy dissipation in the form of reduced heat generation. Further,
solid-state lighting tends to have increased lifespan compared to traditional
lighting. This is because, due to its solid-state nature, solid-state lighting
provides for greater resistance to shock, vibration, and wear.

An LED illumination device is a type of solid-state lighting that

utilizes LEDs as a source of illumination, and typically has clusters of LEDs in a
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suitable housing. The LEDs in an LED illumination device typically have very
low dynamic resistance, with the same voltage drop for widely-varying currents.
Thus, the LEDs cannot be connected directly to most power sources, such as
the 120-volt alternating current (AC) mains commonly available in the U.S.,
without causing damages to the LEDs. LEDs typically conduct current in one
direction, and require a current that does not exceed the maximum current
rating of the LED.

Two methods have been typically used to limit the current that is
applied to LEDs in an illumination device to a safe level. The first method uses
an electronic switching ballast that converts the AC input voltage form the
power mains into a direct current (DC) regulated current of an acceptable value.
The second method uses a string of LEDs coupled in series where a voltage
drop of the string equal to the input voltage at the current limit.

An electronic switching ballast that regulates current typically
employs a switching current and a magnetic energy storage device such as a
series inductor (e.g., in a buck regulator) or transformer (e.g., in a flyback
regulator). Various different topologies have been developed in the attempt to
obtain high conversion efficiencies. Still, a typical flyback or buck type regulator
will have a conversion efficiency of only 60% to 90%, wasting 10% to 40% of
the input power in the form of heat.

Electronic switching ballasts tend to be expensive to manufacture
because they require high frequency switching components, custom-wound
magnetic components, and electrical noise suppression circuitry. Moreover,
because of the high frequency required to utilize reasonably sized magnetic
components, electronic switching ballasts typically require electro-magnetic
interference (EMI) filtering. This unavoidably adds cost and space
requirements. Furthermore, robust and relatively expensive components are
needed to ensure long life and efficient operation of electronic switching
ballasts. In addition, a power factor correction (PFC) circuit is required to meet
power factor regulations. If external light dimmers will be used, the electronic

switching ballast accordingly will need extra circuitry.
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Series-string current control can have very high conversion
efficiency, but only for one applied voltage level. If the voltage level of the input
power falls below the LED string voltage, the LEDs do not produce the required
light emission. If, however, the voltage level of the input power rises above the
LED string voltage, excess current flows through the LEDs and may result in
damage to the LEDs. Series-string type of solid-state lighting thus requires a
“pallast” resistor or active current-limiting circuitry to limit the current in the case
of high input voltage. This current-limiting circuitry, nevertheless, eliminates
any conversion efficiency advantage that the series-string type of solid-state
lighting may have by dissipating the excess power as heat. An additional
disadvantage to the series-string type of solid-state lighting used in an AC
application is that the LEDs do not begin to emit light until the applied voltage
approaches the string voltage. This causes a loss of cost efficiency because
the LEDs are not on (i.e., emitting light) throughout the entire AC line cycle.
Another disadvantage to the series-string type of solid-state lighting used in an
AC application is that the string of LEDs only emits light during one half of the
AC cycle, thus requiring the use of two strings of LEDs to produce light over the
entire AC cycle. If light is only produced in one half of the cycle, using only one
string of LEDs, the light undesirably appears to the eye to flicker at the 30Hz

half cycle frequency.

BRIEF SUMMARY

A regulator device to regulate an input power applied to a plurality
of light emitters may be summarized as including a plurality of switches each of
which selectively electrically couples a respective number of the light emitters to
receive the input power when the switch is deactivated; and a control circuit
coupled to receive the input power and controllingly coupled to the plurality of
switches, the control circuit configured to sense an operational parameter of the
input power, the control circuit to deactivate a number of the switches to
electrically couple the respective light emitters to the input power and a first

number of the light emitters responsive to the sensed operational parameter of
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the input power, and to adjust the number of the switches deactivated
responsive to a change in the sensed operational parameter of the input power,
where the first number of the light emitters are coupled to the input power
regardless of the sensed operational parameter of the input power.

The control circuit may deactivate a number of the switches to
electrically couple the respective light emitters in series to the input power to
emit light responsive to the sensed operational parameter of the input power,
and wherein the control circuit may adjust the number of the switches
deactivated to adjust the number of light emitters electrically coupled in series
to the input power responsive to a change in the sensed operational parameter
of the input power. The control circuit may sense at least one of a current value
and a voltage value of the input power applied to the number of light emitters
electrically coupled in series to the input power. Each of the plurality of
switches may be electrically coupled to a respective one of the light emitters. A
first switch of the plurality of switches may be selectively operable to electrically
short a first number of the light emitters, wherein a second switch of the plurality
of switches may be selectively operable to electrically short a second number of
the light emitters, the second number being twice the first number. The control
circuit may adjust the number of switches deactivated to adjust the number of
the respective light emitters electrically coupled in series to the input power to
achieve a target voltage drop across the total number of light emitters
electrically coupled in series to the input power responsive to a change in the
sensed operational parameter of the input power. The control circuit may
adjust the number of switches deactivated to adjust the number of the
respective light emitters electrically coupled in series to the input power to
achieve a target current value of a current flowing through the total number of
light emitters electrically coupled in series to the input power responsive to a
change in the sensed operational parameter of the input power. The control
circuit may include a microcontroller, the microcontroller activates and
deactivates a number of the switches to adjust a total number of the plurality of

light emitters electrically coupled in series to the input power responsive to the
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sensed operational parameter of the input power. The control circuit may
include an analog-to-digital converter (ADC) to activate and deactivate a
number of the switches to adjust a total number of the plurality of light emitters
electrically coupled in series to the input power responsive to the sensed
operational parameter of the input power. The control circuit may include a
plurality of comparators each of which is electrically coupled to a respective
number of the switches to activate and deactivate the respective number of the
switches to adjust a total number of the plurality of light emitters electrically
coupled in series to the input power responsive to the sensed operational
parameter of the input power. The control circuit may include a current sensor
to sense a current value of the input power, and wherein the current sensor
may include one of a resistive sensor, a Hall-effect sensor, and a sense-coil
type sensor. The control circuit may include a plurality of pulse width
modulation (PWM) modules each of which electrically coupled to drive a
respective one of the plurality of switches. At least one of the PWM modules
may drive the respective switch with a pulse stream of increasing duty cycle to
activate the respective switch. At least one of the PWM modules may drive the
respective switch with a pulse stream of decreasing duty cycle to deactivate the
respective switch.

The control circuit may further include a triangle wave generator
to provide a triangular-wave signal to the PWM modules.

The regulator device may further include a voltage regulator to
provide a regulated input power to power the control circuit, the voltage
regulator electrically coupled to receive power from a base string of light
emitters of the plurality of light emitters that is coupled to receive the input
power. The control circuit and the switches may be parts of a processor.

An illumination device may be summarized as including a first
plurality of light emitters coupled to an input power; a second plurality of light
emitters; and a control system electrically coupled to the second plurality of light
emitters and the input power, the control system to sense an operational

parameter of the input power, the control system configured to electrically
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couple a number of the second plurality of light emitters in series to the input
power and with the first plurality of light emitters responsive to the sensed
operational parameter of the input power exceeding a first threshold value.

The illumination device may further include a rectifier circuit
coupled to receive an alternating current (AC) power and the control system to
rectify the AC power to provide the input power in direct current (DC) form to
the control system, wherein the control system is configured to measure a
waveform of the AC power.

The illumination device may further include a rectifier circuit
coupled to receive an alternating current (AC) power and the control system to
rectify the AC power to provide the input power in direct current (DC) form to
the control system, the rectifier circuit including a bridge rectifier having at least
one light-emitting diode (LED). The control system may sense at least one of a
current value and a voltage value of the input power and electrically couples a
number of the second plurality of light emitters in series to the input power and
with the first plurality of the light emitters responsive to the sensed at least one
of the current value and the voltage value of the input power exceeding the
respective threshold current value or threshold voltage value. The control
system may electrically couple all of the second plurality of light emitters in
series to the input power and with the first plurality of light emitters responsive
to the sensed operational parameter of the input power exceeding a second
threshold value that is greater than the first threshold value. The control system
may include a microcontroller and a plurality of transistors each of which is
electrically coupled to the microcontroller to be controlled thereby, wherein the
microcontroller may deactivate at least one of the transistors to electrically
couple a number of the second plurality of light emitters in series to the input
power and with the first number of the light emitters responsive to the sensed
operational parameter of the input power being between the first threshold
value and a second threshold value. The control system may include an
analog-to-digital converter (ADC) and a plurality of transistors each of which is

electrically coupled to the ADC to be controlled thereby, wherein the ADC may
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deactivate at least one of the transistors to electrically couple the a number of
the second plurality of light emitters in series to the input power and with the
first plurality of light emitters responsive to the sensed operational parameter of
the input power being between the first threshold value and a second threshold
value. The control system may include a plurality of comparators and a plurality
of transistors, each of the comparators controllingly coupled to a respective
number of the transistors, each of the transistors electrically coupled to a
respective number of the second plurality of light emitters, wherein each of the
comparators compares the sensed operational parameter of the input power to
a respective threshold value and deactivates the respective transistors to
electrically couple the respective number of the second plurality of light emitters
in series to the input power and with the first plurality of light emitters
responsive to the sensed operational parameter of the input power being
between the respective threshold value and a second threshold value. The
control system may include a current sensor to sense a current value of the
input power, and wherein the current sensor may include one of a resistive
sensor, a Hall-effect sensor, and a sense-coil type sensor. The light emitters
may include solid-state light emitters. The light emitters may include LEDs.

The illumination device may further include an energy storage
element coupled to an output of the rectifier circuit to provide a substantially
constant DC voltage for the light emitters.

The illumination device may further include a voltage regulator to
provide a regulated input power to power the control system, the voltage
regulator electrically coupled to receive power from the first plurality of light
emitters. The voltage regulator may be coupled to a first node in a base string
of light emitters formed by the first plurality of light emitters, at least one of the
light emitters in the base string being between the first node and an electrical
ground to provide a DC voltage to the voltage regulator.

The illumination device may further include a rectifier electrically
coupled between the voltage regulator and the first plurality of light emitters to

rectify the power received by the voltage regulator from the first plurality of light
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emitters; and an energy storage element electrically coupled between the
rectifier and the voltage regulator. The control system and at least one of the
light emitters may be parts of an LED-array light source. The control system
and at least one of the light emitters may be parts of a monolithic LED light
source.

An illumination device may be summarized as including a plurality
of light emitters, a first number of light emitters of the plurality of light emitters
being electrically coupled in series to an input power; a plurality of switches
which when deactivated electrically couple a respective number of the light
emitters to the input power in addition to the first number of the light emitters;
and a control circuit controllingly coupled to the plurality of switches to activate
and deactivate the switches in response to a sensed operational parameter of
the input power being greater than a first threshold value.

The illumination device may further include a rectifier circuit
coupled to an alternating current (AC) power to rectify the AC power and
coupled to provide the input power in direct current (DC) form to the control
circuit and the first number of the light emitters, wherein the control circuit is
configured to measure a waveform of the AC power.

The illumination device may further include a rectifier circuit
coupled to an alternating current (AC) power to rectify the AC power and
coupled to provide the input power in direct current (DC) form to the control
circuit and the first number of the light emitters, the rectifier circuit including a
bridge rectifier having at least one light-emitting diode (LED). A first switch of
the plurality of switches may be electrically coupled to short a second number
of the light emitters, wherein a second switch of the plurality of switches may be
electrically coupled to short a third number of the light emitters, the third
number being twice the second number. Each of the plurality of switches may
be electrically coupled to short a respective one of the light emitters when
activated. The control circuit may activate all of the switches responsive to the
sensed operational parameter of the input power being below the first threshold

value. The control circuit may deactivate a first number of the switches
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responsive to the sensed operational parameter of the input power being at a
first value above the first threshold value. The control circuit may deactivate a
first number plus a second number of the switches responsive to the sensed
operational parameter of the input power being at a second value above the
first threshold value, the second value being greater than the first value. The
control circuit may deactivate all of the switches responsive to the sensed
operational parameter of the input power being above a second threshold
value, the second threshold value being greater than the first threshold value.
The plurality of light emitters may include a plurality of solid-state light emitters.
The plurality of light emitters may include a plurality of LEDs.

The illumination device may further include an energy storage
element coupled to an output of the rectifier circuit to provide a substantially
constant DC voltage for the light emitters. The control circuit may include a
current sensor to sense a current value of the input power, and wherein the
current sensor may include one of a resistive sensor, a Hall-effect sensor, and
a sense-coil type sensor. The control circuit may include a plurality of pulse
width modulation (PWM) modules each of which electrically coupled to drive a
respective one of the plurality of switches. At least one of the PWM modules
may drive the respective switch with a pulse stream of increasing duty cycle to
activate the respective switch. At least one of the PWM modules may drive the
respective switch with a pulse stream of decreasing duty cycle to deactivate the
respective switch.

The control circuit may further include a triangle wave generator
to provide a triangular-wave signal to the PWM modules.

The illumination device may further include a voltage regulator to
provide a regulated input power to power the control circuit, the voltage
regulator electrically coupled to receive power from the first number of light
emitters. The voltage regulator may be coupled to a first node in a base string
of light emitters formed by the first number of light emitters, at least one of the
light emitters in the base string being between the first node and an electrical

ground to provide a DC voltage to the voltage regulator.
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The illumination device may further include a rectifier electrically
coupled between the voltage regulator and the first number of light emitters to
rectify the power received by the voltage regulator from the first number of light
emitters; and an energy storage element electrically coupled between the
rectifier and the voltage regulator. The control circuit and the switches may be
parts of a processor. The control circuit and at least one of the light emitters
may be parts of an LED-array light source. The control circuit and at least one
of the light emitters may be parts of a monolithic LED light source.

A method to regulate an input power may be summarized as
including determining a number of light emitters of a plurality of light emitters to
be electrically coupled the input power based on an operational parameter of
the input power; and electrically coupling the number of light emitters of the
plurality of light emitters to the input power based on the operational parameter
of the input power, the number of the light emitters coupled to the input power
being between a value M and a value N where the value N is equal to a total
quantity of light emitters in the plurality of light emitters, the value M being a
positive number greater than zero but less than the value N.

The method may further include sensing the operational
parameter of the input power. Electrically coupling a number of light emitters of
the plurality of light emitters to the input power based on the operational
parameter of the input power may include electrically coupling a number M of
the light emitters in series to the input power in response to the operational
parameter of the input power being equal to or less than a threshold value.
Electrically coupling a number of light emitters of the plurality of light emitters to
the input power based on the operational parameter of the input power may
include electrically coupling a number R of the light emitters in series to the
input power responsive to the sensed operational parameter of the input power
being equal to or greater than a threshold value, where the number R is a
positive number between M and N. Electrically coupling a number of light
emitters of the plurality of light emitters to the input power based on the

operational parameter of the input power may include varying the number of the
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light emitters electrically coupled in series to the input power to be between the
value M and the value N by a variable increment responsive to the sensed
operational parameter of the input power, the variable increment ranging
between 1 and a value equal to N-M. Varying the number of the light emitters
electrically coupled in series to the input power to be between the value M and
the value N by a variable increment may include varying the number of the light
emitters electrically coupled in series to the input power to be between the
value M and the value N by a number of 2 to the P" power, where P is a
positive integer greater than or equal to zero. Electrically coupling a number of
light emitters of the plurality of light emitters to the input power based on the
operational parameter of the input power may include varying the number of the
light emitters electrically coupled in series to the input power to be between the
value M and the value N by an increment or decrement equal to 1 responsive to
the sensed operational parameter of the input power being greater than a
threshold value. Electrically coupling a number of light emitters of the plurality
of light emitters to the input power based on the operational parameter of the
input power may include deactivating a number of a plurality of switches to
electrically couple a respective number of the light emitters to the input power in
response to the operational parameter of the input power being greater than a
threshold value, the respective number of the emitters coupled to the input
power being between the value M and the value N. Sensing the operational
parameter of an input power may include sensing at least one of a current value
and a voltage value of the input power. Electrically coupling a number of light
emitters of a plurality of light emitters to the input power may include electrically
coupling a number of solid-state light emitters of a plurality of solid-state light
emitters to the input power. Electrically coupling a number of light emitters of a
plurality light emitters to the input power may include electrically coupling a
number of light-emitting diodes (LEDs) of a plurality of LEDs to the input power.
A method to regulate an input power may be summarized as
including electrically coupling a number of light emitters of a plurality of light

emitters to the input power; and maintaining a first operational parameter of the
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input power proximate to a target value by adjusting a total number of light
emitters of the plurality of light emitters electrically coupled to the input power
responsive to a variation in a second operational parameter of the input power.
Electrically coupling a number of light emitters of a plurality of light emitters to
an input power may include electrically coupling a number of solid-state light
emitters of a plurality of solid-state light emitters to the input power. Electrically
coupling a number of light emitters of a plurality of light emitters to the input
power may include electrically coupling a number of light-emitting diodes
(LEDs) of a plurality of LEDs to the input power. Maintaining a first operational
parameter of the input power proximate to a target value may include
maintaining a current value of the input power proximate to a target current
value. Adjusting a total number of light emitters of the plurality of light emitters
electrically coupled to the input power responsive to a variation in a second
operational parameter of the input power may include electrically coupling a first
number of light emitters of the plurality of light emitters in series to the input
power responsive to the second operational parameter of the input power being
equal to or less than a first threshold value.

The method may further include electrically coupling a variable
number of light emitters of the plurality of light emitters in series to the input
power responsive to the second operational parameter of the input power being
between the first threshold value and a second threshold value that is greater
than the first threshold value, where the variable number is greater than the first
number.

The method may further include electrically coupling all of the light
emitters of the plurality of light emitters in series to the input power responsive
to the second operational parameter of the input power exceeding the second
threshold value. Adjusting a total number of light emitters of the plurality of light
emitters electrically coupled to the input power responsive to a variation in a
second operational parameter of the input power may include adjusting the
number of light emitters of the plurality of light emitters electrically coupled in

series to the input power proportionally to the variation in the second
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emitters of the plurality of light emitters electrically coupled to the input power
responsive to a variation in a second operational parameter of the input power
may include electrically coupling substrings of light emitters of the plurality of
light emitters in series to the input power responsive to a variation in the second
operational parameter of the input power. Maintaining a first operational
parameter of the input power proximate to a target value by adjusting a total
number of light emitters of the plurality of light emitters electrically coupled to
the input power responsive to a variation in a second operational parameter of
the input power may include maintaining the first operational parameter of the
input power proximate to the target value by adjusting a total number of light
emitters of the plurality of light emitters electrically coupled in series to the input
power to achieve a voltage drop across the number of light emitters electrically
coupled in series to the input power responsive to a variation in the second
operational parameter of the input power. The first and the second operational
parameters of the input power may be the same as one another. The first and
the second operational parameters of the input power may be different from
one another.

An illumination device may be summarized as including a light
emitting diode-based rectifier that includes a plurality of diodes arranged as a
bridge circuit, at least one of the plurality of diodes being a light emitting diode,
the bridge circuit coupleable to an alternating current (AC) power and operable
to rectify the AC power and provide a direct current (DC) power output. The
bridge circuit may include four legs, each of the legs including at least one light

emitting diode.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS
Figure 1A is a diagram showing a regulator device that regulates
an input power applied to a plurality of light emitters according to one non-

limiting illustrated embodiment.
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Figure 1B is a diagram showing a portion of a control circuit of the
regulator device of Figure 1A according to one non-limiting illustrated
embodiment.

Figure 1C is a diagram showing a portion of a control circuit of the
regulator device of Figure 1A according to another non-limiting illustrated
embodiment.

Figure 1D is a diagram showing the regulator device of Figure 1A
according to another non-limiting illustrated embodiment.

Figure 1E is a diagram showing a portion of a control circuit of the
regulator device of Figure 1D according to one non-limiting illustrated
embodiment.

Figure 1F is a diagram showing an arrangement to provide power
to a control circuit of the regulator device of Figures 1A and 1D according to
one non-limiting illustrated embodiment.

Figure 2 is a diagram showing an illumination device according to
one non-limiting illustrated embodiment.

Figure 3 is a diagram showing an illumination device according to
another non-limiting illustrated embodiment.

Figure 4 is a flow diagram showing a method to regulate an input
power according to one non-limiting illustrated embodiment.

Figure 5 is a flow diagram showing a method to regulate an input
power according to another non-limiting illustrated embodiment.

Figure 6 is a diagram showing a rectifier circuit according to one
non-limiting illustrated embodiment.

In the drawings, identical reference numbers identify similar
elements or acts. The sizes and relative positions of elements in the drawings
are not necessarily drawn to scale. For example, the shapes of various
elements and angles are not drawn to scale, and some of these elements are
arbitrarily enlarged and positioned to improve drawing legibility. Further, the

particular shapes of the elements as drawn, are not intended to convey any
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information regarding the actual shape of the particular elements, and have

been solely selected for ease of recognition in the drawings.

DETAILED DESCRIPTION

In the following description, certain specific details are set forth in
order to provide a thorough understanding of various disclosed embodiments.
However, one skilled in the relevant art will recognize that embodiments may be
practiced without one or more of these specific details, or with other methods,
components, materials, etc. In other instances, well-known structures
associated with lighting fixtures, power generation and/or power system for
lighting have not been shown or described in detail to avoid unnecessarily
obscuring descriptions of the embodiments.

Unless the context requires otherwise, throughout the
specification and claims which follow, the word “comprise” and variations
thereof, such as, “comprises” and “comprising” are to be construed in an open,
inclusive sense that is as “including, but not limited to.”

Reference throughout this specification to “one embodiment” or
“an embodiment” means that a particular feature, structure or characteristic
described in connection with the embodiment is included in at least one
embodiment. Thus, the appearances of the phrases “in one embodiment” or “in
an embodiment” in various places throughout this specification are not
necessarily all referring to the same embodiment. Further more, the particular
features, structures, or characteristics may be combined in any suitable manner
in one or more embodiments.

The headings and Abstract of the Disclosure provided herein are
for convenience only and do not interpret the scope or meaning of the
embodiments.

As illustrated in Figure 1A, a regulator device 10 that regulates an
input power applied to a finite number of light emitters, grouped into a base
string 15 and substrings 18a-18e, may include a control circuit 12 and a

plurality of switches 14a-14e coupled to the control circuit 12. In one
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embodiment, the control circuit may comprise a semiconductor integrated
circuit (e.g., a processor). In another embodiment, the control circuit 12 and the
switches 14a-14e may be integral parts of a processor. In yet another
embodiment, the control circuit 12, the switches 14a-14e, and the light emitters
(including the base string 15 and the substrings 18a-18e) may be integral parts
of a processor.

Each of the base string 15 and substrings 18a-18e may include
one or more light emitters coupled in series. The input power may be a DC
input power. The control circuit 12 may be coupled to the input power, the
plurality of switches 14a-14e, and the base string 15. When coupled to the DC
input power, the light emitters in the base string 15 and substrings 18a-18e will
emit light provided that voltage drop across the string is at least the string
forward voltage, or the sum of the minimum voltage required for each light
emitter to emit light for the string.

Each of the plurality of switches 14a-14e may be electrically
coupled across a respective string 18a-18e. For example, switch 14a may be
electrically coupled across the substring 18a, switch 14b may be electrically
coupled across the substring 18b, switch 14c may be electrically coupled
across the substring 18c, switch 14d may be electrically coupled across the
substring 18d, and switch 14e may be electrically coupled across the substring
18e. In various embodiments, there may be tens or dozens of substrings of
light emitters and correspondingly tens or dozens of switches, but only six
strings (i.e., the base string 15 and substrings 18a-18e) and five switches (i.e.,
the switches 14a-14e) are shown in Figure 1A for simplicity and to avoid
unnecessarily obscuring the figure. The same principle also applies to Figures
2-5.

In one embodiment, each of the switches 14a-14e may be a solid-
state switch. In one embodiment, each of the switches 14a-14e may be a
transistor, such as, for example, an insulated-gate bipolar transistor (IGBT), a
metal-oxide-semiconductor field-effect transistor (MOSFET) or a bipolar

junction transistor (BJT). Typically, when a transistor is activated, it conducts
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current; when the transistor is deactivated, no current flows through it. Thus,
when a switch 14a-14e is activated, it conducts current by creating a path of
relatively minimal resistance and thereby electrically shoring the respective
substring 18a-18e out of the resultant string of light emitters that is coupled in
series to the input power. Likewise, when a switch 14a-14e is deactivated,
current will flow through the respective substring 18a-18e and thereby
electrically coupling the respective substring 18a-18e into the resultant string of
light emitters that is coupled in series to the input power.

The control circuit 12 is capable of sensing an operational
parameter of the input power. The operational parameter sensed by the control
circuit 12 may be the current value of the input power in one embodiment or the
voltage value of the input power in another embodiment. Alternatively, the
control circuit 12 may sense both the current value and voltage value of the
input power.

In one embodiment, a current sensor 13 is used in the control
circuit 12 and is electrically coupled in series with the resultant string of light
emitters. This current sensor 13 may be a resistive sensor, a Hall-effect
sensor, or a sense-coil type sensor, for example. In an embodiment, this
current sensor 13 is a “high side” current sensor that enables the most negative
end of the resultant string to be connected to ground. Alternatively, the current
sensor 13 may be placed anywhere in the resultant string, and may be a “low
side” (or grounded) current sensor or sense resistor.

Alternatively, the voltage of the input power may be sensed.
Accordingly, in one embodiment, the number of light emitters in the resultant
string is adjusted to match the input voltage based on known characteristics of
the particular light emitters (e.g., LEDs) used. Modern high-flux LEDs have
good matching of LED forward voltage (Vs) at a given current, and knowledge of
the Vi may be utilized to calculate the number of LEDs required in the resultant
string. However, this approach of voltage sensing may be less ideal due to the
variation in LED V; over temperature and may result in somewhat less accuracy

of current control than the approach with current sensing.
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In one embodiment, the control circuit 12 electrically couples at
least the base string 15 to the input power, regardless of the value of the
sensed operational parameter of the input power, and activates all of the
switches 14a-14e. This way, there will always be at least the base string 15 of
light emitters electrically coupled to the input power to emit light. As the
operational parameter of the input power varies, the control circuit 12 may
dynamically deactivate one or more of the switches 14a-14e to increase the
number of light emitters in the resultant string of light emitters electrically
coupled in series to the input power.

For example, in one embodiment, when the operational parameter
of the input power exceeds a first threshold value by within a first amount, the
control circuit 12 may deactivate the switch 14a while keeping the switches
14b-14e activated to additionally electrically couple the substring 18a in series
with the base string 15 to the input power. When the operational parameter of
the input power exceeds the first threshold value by more than the first amount
but within a second amount, the control circuit 12 may deactivate the switches
14a-14b while keeping the switches 14c-14e activated to additionally electrically
couple the substrings 18a-18b in series with the base string 15 to the input
power. When the operational parameter of the input power exceeds the first
threshold value by more than the second amount but within a third amount, the
control circuit 12 may deactivate the switches 14a-14c while keeping the
switches 14d-14e activated to additionally electrically couple the substrings
18a-18c in series with the base string 15 to the input power. When the
operational parameter of the input power exceeds the first threshold value but
within a second threshold value that is greater than the first threshold value, the
control circuit 12 may deactivate the switches 14a-14d while keeping the switch
14e activated to additionally electrically couple the substrings 18a-18e in series
with the base string 15 to the input power. When the operational parameter of
the input power exceeds the second threshold value, the control circuit 12 may
deactivate the switches 14a-14e to additionally electrically couple the

substrings 18a-18e in series with the base string 15 to the input power.
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In an alternative embodiment, the control circuit 12 may
deactivate a different one or combination of the switches 14a-14e to electrically
couple an appropriate number of the light emitters in series to the input power
corresponding to the value of the operational parameter of the input power in

5 relation to the first and second threshold values. This approach can be
especially helpful when each of the substrings 18a-18e includes a different
number of light emitters, as will be explained in more detail below.

In one embodiment, the control circuit 12 may include a
microcontroller that is electrically coupled to the switches 14a-14e to activate

10 and deactivate the switches 14a-14e, thereby controlling which one or ones of
the substrings 18a-18e to be electrically coupled in series with the base string
15 to receive the input power to emit light. In an embodiment, the firmware

operation for the microcontroller may be as follows:
Interrupt at zero crossing of AC line

15 Activate all switches to set light emitter string to
a minimum length (control byte = xxx11111)

Begin
Measure light emitter string current

If current > LightEmitterCurrentNormal - 6%
20 then decrement control byte

If current < LightEmitterCurrentNormal + 6%
then increment control byte

Output control byte to switches

Delay to allow switches to settle before
25 next current measurement

Repeat
In this embodiment, a five-bit section of the control byte is used to
control the five switches. When a bit is set to 1, the switch is deactivated

(turned off) and the respective light emitter substring electrically coupled to that

30 switch is added to the base string 15. In contrast, then a bit is set to 0, the
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switch is activated (turned on) and the respective light emitter string electrically
coupled to that switch is shorted or bypassed from the full string. Therefore, by
setting the appropriate bit or bits in the control byte, one or more of the
substrings 14a-14e may be added to or removed from the resultant string of
light emitters that receives the input power to emit light.

The control circuit 12 may use more complex firmware that
includes current hysteresis to be used such that noise, switching transients,
switching time of the solid-state switches or other disturbances will not result in
false switching based on instantaneous current sensor readings.

In another embodiment, the control circuit 12 may include an
analog-to-digital converter (ADC) 62, as illustrated in Figure 1B. The ADC 62 is
electrically coupled to the switches 14a-14e to activate and deactivate the
switches 14a-14e, thereby controlling which one or ones of the substrings 18a-
18e to be electrically coupled in series with the base string 15 to receive the
input power to emit light. The ADC 62 receives an analog signal, such as a
current derived from the input power, as input. The ADC 62 converts the
analog signal into a digital signal as output to activate one or more of the
switches 14a-14e and deactivate the remainder of the switches 14a-14e. For
instance, if the input current results in the ADC 62 outputting a digital signal that
activates the switches 14a and 14d and deactivates the switches 14b, 14c, and
14e, then substrings 18a and 18d will be bypassed while substrings 18b, 18c,
and 18e will be electrically coupled in series with the base string 15 to receive
the input power to emit light.

In yet another embodiment, the control circuit 12 may include one
or more analog controllers, such as a plurality of comparator circuits 72a-72e,
as illustrated in Figure 1C. Each of the comparator circuits 72a-72e¢ is
electrically coupled to a respective one of the switches 14a-14e to activate and
deactivate the switches 14a-14e, thereby controlling which one or ones of the
substrings 18a-18e to be electrically coupled in series with the base string 15 to
receive the input power to emit light. Each of the comparator circuits 72a-72e

receives an input power signal, such as a voltage related to the input power, as
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one input and receives a respective reference signal, such as a respective
reference voltage derived from a voltage reference Vreference, @s the other input.
Each of the comparator circuits 72a-72e compares the two input signals and
either activates or deactivates the corresponding switch 14a-14e. This, in turn,
electrically couples zero or more of the substrings 18a-18e in series with the
base string 15 to receive the input power to emit light.

When the substrings 18a-18e are switched in and out by the
control circuit 12, the switching action may result in noticeable flicker of the light
output of an illumination system in which the regulator device 10 is used. In
one embodiment, the switching is done by increasing a pulse width modulation
(PWM) of the drive to the controlling switches 14a-14e such that those switches
14a-14e to be activated receive a pulse stream of increasing duty cycle while
those switches 14a-14e to be deactivated receive a pulse stream of decreasing
duty cycle. This causes the light emitted from the substring being switched out
to gradually decrease while the light emitted from the substring being switched
in to gradually increase. Besides, by using PWM technique to drive the
switches 14a-14e with a pulse stream of increasing or decreasing duty cycle,
not only the flicker is removed but the average power to the substrings 18a-18e
is also limited to less than the maximum limit.

As illustrated in Figure 1D, in one embodiment, the regulator
device 10 of Figure 1A may include a plurality of PWM modules 16a-16e, each
of which driving a respective one of the plurality of switches 14a-14e in the
manner described above. In another embodiment, the PMW modules 16a-16e
may be separate from the control circuit 12 but electrically coupled to the
control circuit 12.

As illustrated in Figure 1E, each of the PMW modules 16a-16e
(shown as the PWM module 16) may receive a control signal from the control
circuit 12 at a first input and a triangular-wave signal from a triangle wave
generator 82 at a second input to drive its respective switch 14a-14e. The
triangle wave generator 82 may be an integral part of the control circuit 12 in

one embodiment, or separate from the control circuit 12 in another
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embodiment. In one embodiment, some or all of the control circuit 12, the
switches 14a-14e, the PWM modules 16a-16e, and the triangle wave generator
82 may be integral parts of a processor. In the interest of brevity, the detailed
structure and operation of the PWM modules 16a-16e and the triangle wave
generator 82 will neither be described nor illustrated since pulse width
modulators and triangle wave generators are well known in the art.

In one embodiment, the voltage required to power the control
circuit 12 is derived from a substring of light emitters that is part of the base
string 15. Given that the base string 15 is coupled to receive the input power
regardless of the current value or voltage value of the input power, the base
string 15 is always powered. Accordingly, the substring of the base string 15
powering the control circuit 12 is always on (i.e., receiving power).

As illustrated in Figure 1F, a rectifier 92 and an energy storage
element 94, such as a storage capacitor, may be used to produce a DC voltage
that is loosely regulated by the forward drop of the substring of light emitters.
The light emitters may be LEDs, as shown in Figure 1F, or solid state light
emitters in another embodiment. In one embodiment, a substring of three LEDs
is used to produce a DC voltage of approximately 9.6V. This DC voltage may
then be more accurately regulated by a conventional voltage regulator 96 to the
required supply voltage, for example, 5.0V. The advantage of this arrangement
is that the raw DC voltage is close to the final regulated voltage, resulting in low
energy loss in the voltage regulator 96. In one embodiment, some or all of the
control circuit 12, the voltage regulator 96, the rectifier 92, and the energy
storage element 94 may be integral parts of a processor.

By varying the number of light emitters electrically coupled to the
input power in series corresponding to the sensed current and/or voltage of the
input power, the regulator device 10 regulates the current flowing through the
resultant string of light emitters that is electrically coupled to the input power. In
other words, the regulator device 10 does so by selectively deactivating and
activating one or more of the switches 14a-14e based on the sensed current

and/or voltage to electrically couple the appropriate strings 18a-18e, in series
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with the base string 15, to the input power. For example, if each light emitter
has a forward voltage drop of 3.2 volts and the DC input power has a line
voltage of 120 volts, then at least 38 light emitters will need to be electrically
coupled to the input power in series to result in a current of less than 1 amp
flowing through the resultant string of light emitters.

Unlike an incandescent lamp, an LED lamp will not respond to the
lower average power produced on the AC line by a standard light dimmer (not
shown). The distorted waveform resulting from a dimmer setting less than
100% will not accurately reflect the dimming level the user desires because of
the photo-retentive effect of the human retina. To compensate for this
phenomenon, a second analog input (not shown) to the control circuit 12 may
be used to measure the waveform of the applied AC power. In the case of an
external light dimmer circuit the waveform is highly distorted from the normal
sinusoid. This distortion from sinusoid is measured and the percent of dimming
desired is thus accurately determined. In this case, the current flowing through
the LEDs can be set lower than the nominal, resulting in a dimming function
that correctly corresponds to the position setting of the dimmer.

As illustrated in Figure 2, an illumination device 20 may include a
finite number of light emitters, grouped into a base string 25 and substrings
28a-28e, and a control system 22 electrically coupled to the light emitters.
Each of the base string 25 and substrings 28a-28e may include one or more
light emitters electrically coupled in series. In one embodiment, the light
emitters in the base string 25 and the substrings 28a-28e may be solid-state
light emitters. In another embodiment, the light emitters in the base string 25
and the substrings 28a-28e may be LEDs. In one embodiment, the control
system 22 may comprise a processor. In one embodiment, the control system
22 and at least one of the light emitters (including the base string 25 and the
substrings 28a-28e) may be integral parts of an LED-array light source. In
another embodiment, the control system 22 and at least one of the light

emitters may be integral parts of a monolithic LED light source.
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In one embodiment, the control system 22 may include a regulator
such as the regulator device 10 shown in Figure 1A. The control system 22
may include a microcontroller, an ADC, or a plurality of comparator circuits as
described above in reference to Figures 1A-1C. The control system 22 may
also include the PWM modules 16a-16e, the triangle wave generator 82, the
voltage regulator 96 and other components as described above in reference to
Figures 1D-1F. The control system 22 is coupled to receive a DC input power
and sense at least one operational parameter of the input power, which may be
the current value or the voltage value, or both, of the input power.

In one embodiment, the base string 25 is electrically coupled to
receive the input power regardless what value the sensed operational
parameter of the input power may be at. This way, there will be at least those
light emitters in the base string 25 electrically coupled to the input power to emit
light, provided that the voltage value of the input power is no less than the
forward voltage drop value of the string 25.

Based on the sensed operational parameter of the input power,
the control system 22 electrically couples none or more of the substrings 28a-
28e in series with the base string 25 to receive the input power to emit light.
When the sensed operational parameter is below a first threshold value, only
the base string 25 is electrically coupled to receive the input power to emit light.
When the sensed operational parameter exceeds the first threshold value by
less than a first amount, the control system 22 electrically couples one of the
substrings 28a-28e in series with the string 25 to increase the number of light
emitters in the resultant string. When the sensed operational parameter
exceeds the first threshold value by more than the first amount but less than a
second amount, the control system 22 electrically couples an additional one of
the substrings 28a-28e in series with the resultant string. The process
continues until the sensed operational parameter is above a second threshold
value that is greater than the first threshold value with all the substrings 28a-
28e electrically coupled in series with the base string 25 to have a maximum

number of light emitters in the resultant string. When the sensed operational
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parameter decreases in value, the control system 22 decouples one or more of
the substrings 28a-28e from the resultant string accordingly.

The objective of the aforementioned operation is to electrically
couple a number of light emitters (hence a corresponding mixture of the
substrings 28a-28e with the base string 25) to provide a resultant string of light
emitters electrically coupled in series that has a forward voltage drop value at
approximately a desired level to regulate the current flowing through the light
emitters. The operation of electrically coupling/decoupling the substrings 28a-
28e to be in series with the base string 25 may be similar to the operation of the
regulator device 10 of Figures 1A-1C as described above and, in the interest of
brevity, will not be described again.

In one embodiment, the illumination device 20 may include a
rectifier circuit 26, such as a bridge rectifier. The rectifier circuit 26 is used to
convert AC power mains current into 120Hz DC pulses to drive the resultant
string of light emitters. This allows the light emitters to emit light at a high
enough frequency that avoids visible flickering of the light. The rectifier circuit
26 may be coupled to receive electrical power from an AC power source and
provide the input power in DC form to the control system 22 and the base string
25.

Figure 6 shows an LED-based bridge rectifier 27, according to
one illustrated embodiment. The LED-based bridge rectifier 27 may be used as
the rectifier circuit 26 in place of a standard bridge rectifier. The LED-based
bridge rectifier 27 has LEDs D1, D2, D3, and D4 arranged to form a rectifier
bridge as shown in Figure 6. Depending on the polarity of the AC input power,
either the LEDs D1 and D4 are forward biased or the LEDs D2 and D3 are
forward biased to provide the rectified DC output. The LEDs D1, D2, D3, and
D4 provide the rectification as well as improve the efficiency of the final LED
lamp by emitting light. This dual function replaces the standard bridge rectifier,
which consumes power but does not emit light as the does LED-based bridge
rectifier 27. The power consumed by a standard bridge rectifier is

approximately 2V (i.e., the forward drop across diodes) times the lamp current
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caused by the two diodes in the standard bridge rectifier that conduct during
rectification. In alternative embodiments, one or more but not all of the diodes
in the LED-based bridge rectifier 27 may be LEDs.

The nominal line voltage of 120VRMS becomes a pulse DC
voltage of approximately 170V peak-to-peak, which requires a resultant string
of approximately 53 LEDs at rated current, with each LED having a typical
forward voltage drop of 3.2 volts. A low line voltage of 90VRMS will result in
approximately 127V peak-to-peak, which requires a resultant string of
approximately 40 LEDs at rated current. A high line voltage of 130VRMS
results in a pulsed DC voltage of 184V peak-to-peak and a resultant string of
approximately 58 LEDs.

In one embodiment, the illumination device 20 may include an
energy storage element 29, such as a capacitor, coupled to the output of the
rectifier circuit 26 (or the input of the control system 22 and the base string 25).
The energy storage element 29 provides a substantially constant DC voltage for
the light emitters in the base string 25 as well as the substrings 28a-28e when
they are electrically coupled in series to receive the input power. The control
system 22 will operate in the same manner as with a pulsing DC voltage, but
does not switch as many light emitters. This is because the current flowing
through the light emitters will be substantially constant when the string length
(i.e., the number of light emitters electrically coupled in series) is set
appropriately and as long as the average value of the input voltage remains
relatively constant. The energy storage element 29 also helps to result in better
utilization of the light emitters because of the continuous time of light emission
by the resultant string of light emitters coupled to the input power.

As illustrated in Figure 3, an illumination device 30 may include a
finite number of light emitters, grouped into a base string 35 and substrings
38a-38e, a plurality of switches 34a-34e, and a control circuit 32 electrically
coupled to the switches 34a-34e. Each of the base string 35 and substrings
38a-38e may include one or more light emitters electrically coupled in series. In

one embodiment, the light emitters in the base string 35 and the substrings
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38a-38e may be solid-state light emitters. In another embodiment, the light
emitters in the base string 35 and the substrings 38a-38e may be LEDs. In one
embodiment, the control circuit 32 may comprise a processor. In one
embodiment, the control circuit 32 and at least one of the switches 34a-34e and
the light emitters (including the base string 35 and the substrings 38a-38e) may
be integral parts of an LED-array light source. In another embodiment, the
control circuit 32 and at least one of the switches 34a-34e and the light emitters
may be integral parts of a monolithic LED light source.

In one embodiment, the control circuit 32 may be similar to the
control circuit 12 of Figure 1A. The control circuit 32 may include a
microcontroller, an ADC, or a plurality of comparator circuits as described
above in reference to Figures 1A-1C. The control circuit 32 may also include
the PWM modules 16a-16e, the triangle wave generator 82, the voltage
regulator 96 and other components as described above in reference to Figures
1D-1F. The control circuit 32 is coupled to receive a DC input power and sense
at least one operational parameter of the input power, which may be the current
value or the voltage value, or both, of the input power.

Each of the plurality of switches 34a-34e may be electrically
coupled across a respective string 38a-38e. For example, switch 34a may be
electrically coupled across the substring 38a, switch 34b may be electrically
coupled across the substring 38b, switch 34c may be electrically coupled
across the substring 38c, switch 34d may be electrically coupled across the
substring 38d, and switch 34e may be electrically coupled across the substring
38e. In one embodiment, each of the switches 34a-34e may be a solid-state
switch. In one embodiment, each of the switches 34a-34e may be a transistor,
such as, for example, an IGBT, a MOSFET or a BJT.

In one embodiment, the number of light emitters in the resultant
string of light emitters that is electrically coupled in series to the input power
may be varied in a sequential fashion. More specifically, by selectively
electrically coupling one or more of the substrings 38a-38e in series with the

base string 35, where each of the substrings 38a-38e includes one light emitter.
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For example, the control circuit 32 may electrically couple, one at a time, the
substrings 38a-38e in series with the base string 35 to form a resultant string or
decouple, one at a time, the substrings 38a-38e from the resultant string to
sequentially increment or decrement the number of light emitters in the
resultant string of light emitters.

Alternatively, a binary control method may be used where fewer
switches are needed to switch in or out substrings of light emitters to adjust the
number of light emitters in the resultant string in a more economical way. In
one embodiment, the substrings 38a-38e may include one, two, four, eight, and
sixteen light emitters, respectively. Accordingly, light emitters may be added to
or removed from the resultant string in a quantity that is binary-based number.
In other words, the number of light emitters in the resultant string may be
increased or decreased by a quantity of one, two, four, eight, sixteen, or any
combination thereof.

In an embodiment, the base string 35 has twenty-two LEDs with
the substrings 38a-38e having one, two, four, eight, and sixteen LEDs,
respectively. This will result in @ maximum number of LEDs in the resultant
string to be fifty-three. The substrings 38a-38e may be switched in (i.e.,
electrically coupled in series) to form a resultant string having a number of light
emitters the quantity of which can vary from twenty-two LEDs to fifty-three
LEDs with a resolution of one LED forward voltage V:. A resolution finer than
one LED Vs is not required to achieve high performance because the LED
forward voltage Vs is typically somewhat compliant and changes with the current
flowing through the LED. In this embodiment, one V; represents a resolution of
approximately 4.5% of the shortest resultant string.

In one embodiment, the illumination device 30 may include a
rectifier circuit 36, such as a bridge rectifier. The rectifier circuit 36 may be
coupled to receive electrical power from an AC power source and provide the
input power in DC form to the control circuit 32 and the base string 35. The

rectifier circuit 36 may be similar to the rectifier circuit 26.
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In one embodiment, the rectifier circuit 36 may include an LED-
based bridge rectifier 27 of Figure 6 in place of a standard bridge rectifier. The
LED-based bridge rectifier 27 has LEDs D1, D2, D3, and D4 arranged as
shown in Figure 6. Depending on the polarity of the AC input power, either the
LEDs D1 and D4 are forward biased or the LEDs D2 and D3 are forward biased
to provide the rectified DC output. The LEDs D1, D2, D3, and D4 provide the
rectification as well as improve the efficiency of the final LED lamp by emitting
light. This dual function replaces the standard bridge rectifier, which consumes
power but does not emit light as does the LED-based bridge rectifier 27. The
power consumed by a standard bridge rectifier is approximately 2V (i.e.,
forward drop across diodes) times the lamp current caused by the two diodes in
the standard bridge rectifier that conduct during rectification. In alternative
embodiments, one or more but not all of the diodes in the LED-based bridge
rectifier 27 may be LEDs.

In one embodiment, the illumination device 30 may include an
energy storage element 39, such as a capacitor, coupled to the output of the
rectifier circuit 36 (or the input of the control circuit 32 and the base string 35).
The energy storage element 39 may be similar to the energy storage element
29. In the interest of brevity, the detailed structure and operation of the energy
storage element 39 will neither be described nor illustrated since energy
storage elements are well known in the art.

Figure 4 illustrates a process 40 to regulate an input power
according to one non-limiting illustrated embodiment. At 42, an operational
parameter of an input power is sensed. Next, at 44, a number of light emitters
of a plurality of light emitters are electrically coupled to the input power
corresponding to the sensed operational parameter of the input power. The
number of the light emitters electrically coupled to the input power is between M
and N where the plurality of light emitters has a total quantity of N light emitters.
M is a positive number greater than zero but less than N.

In one embodiment, M light emitters are electrically coupled in

series with the input power when the sensed operational parameter of the input
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power is equal to or less than a threshold value. When the sensed operational
parameter of the input power is equal to or greater than a threshold value, R
light emitters are electrically coupled in series with the input power, where R is
a positive number between M and N. The number of light emitters electrically
coupled in series with the input power may be varied between M and N by a
variable increment depending on the sensed operational parameter of the input
power, and the variation may range between 1 and N-M. In one embodiment,
the variation may be between M and N by a number of 2 to the P power,
where P is a positive integer greater than or equal to zero. In another
embodiment, the variation may be between M and N by an increment or
decrement of 1 when the sensed operational parameter of the input power is
greater than a threshold value.

In one embodiment, a number of switches electrically coupled
between the light emitters and the input power are deactivated to electrically
couple a respective number of the light emitters to the input power when the
sensed operational parameter of the input power exceeds a second threshold
value that is greater than the first threshold value.

The light emitters may be solid-state light emitters or, more
specifically, LEDs.

Figure 5 illustrates a process 50 to regulate an input power
according to another non-limiting illustrated embodiment. At 52, a number of
light emitters of a plurality of light emitters are electrically coupled to an input
power. At 54, a first operational parameter of the input power is maintained
proximate to a target value by adjusting the number of light emitters of the
plurality of light emitters electrically coupled to the input power corresponding to
a variation in a second operational parameter of the input power.

In one embodiment, the first and second operational parameters
of the input power may be different, such as one being the current value and
the other being the voltage value of the input power. Alternatively, the first and
second operational parameters of the input power may be the same, whether

the current value or the voltage value of the input power. In one embodiment,
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the current value of the input power is maintained proximate to a target current
value.

As with the light emitters if the process 40, the light emitters in
process 50 may be solid-state light emitters or, more specifically, LEDs.

The first operational parameter of the input power may be
maintained by a variety of ways. In one embodiment, a first number of light
emitters of the plurality of light emitters are electrically coupled in series to the
input power when the second operational parameter of the input power is equal
to or less than a first threshold value. When the second operational parameter
is between the first threshold value and a second threshold value that is greater
than the first threshold value, a variable number of light emitters of the plurality
of light emitters may be electrically coupled in series to the input power where
the variable number is greater than the first number. Further, when the second
operational parameter exceeds the second threshold value, all of the light
emitters of the plurality of light emitters are electrically coupled in series to the
input power. The number of light emitters electrically coupled to the input
power may be adjusted proportionally to the variation in the second operational
parameter. In one embodiment, this may be achieved by electrically coupling
substrings of light emitters of the plurality of light emitters in series to the input
power according to a variation in the second operational parameter. In one
embodiment, a voltage drop across the number of light emitters electrically
coupled in series to the input power is maintained according to a variation in the
second operational parameter.

Thus, a regulator device, such as the regulator device 10, an
illumination device, such as the illumination device 20 and 30, and methods,
such as the processes 40 and 50, are disclosed herein and should provide a
simple and cost-efficient electronic ballast to dynamically regulate the current
flowing through the string of LEDs emitting light. For instance, at least some
embodiments allow the input power current to flow through some of the LEDs
but electrically short or bypass the other LEDs to vary the number of LEDs in

the string of LEDs electrically coupled in series to the input power to vary the

31



WO 2010/057115 PCT/US2009/064625

10

15

20

25

30

string forward voltage in relation to the applied voltage. The current flowing
through the string of LEDs or the voltage applied to the string, or both, is
sensed and LEDs are switched in or out to adjust the number of LEDs in the
string to provide the proper current at the applied voltage. This has the
advantage that the LED light may be used over the standard AC voltage range
of 90VRMS to 130VRMS with no loss of efficiency and no danger of excessive
current being applied to the string. In addition, the regulator device as well as
the illumination device begins and ends the cycle with a short string of LEDs so
that light begins to be emitted at a much lower voltage, thereby using the LEDs
over a much larger phase angel of the AC cycle.

The above description of illustrated embodiments, including what
is described in the Abstract, is not intended to be exhaustive or to limit the
embodiments to the precise forms disclosed. Although specific embodiments of
and examples are described herein for illustrative purposes, various equivalent
modifications can be made without departing from the spirit and scope of the
disclosure, as will be recognized by those skilled in the relevant art. The
teachings provided herein of the various embodiments can be applied to other
context, not necessarily the exemplary context of solid-state luminaire generally
described above.

It will be understood by those skilled in the art that, although the
embodiments described above and shown in the figures are generally directed
to the context of solid-state lighting, luminaire utilizing traditional or other non-
solid state lighting source may also benefit from the concepts described herein.
For example, although the embodiments described above and shown in the
figures are directed to luminaires using solid-state lighting source, the concepts
and the embodiments described herein are equally applicable to luminaires
other than those using solid-state lighting source. Further, although strings of
light emitters are shown in the figures, the various embodiments may be utilized
with other types of loads, whether light-emitting or not.

These and other changes can be made to the embodiments in

light of the above-detailed description. In general, in the following claims, the
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terms used should not be construed to limit the claims to the specific
embodiments disclosed in the specification and the claims, but should be
construed to include all possible embodiments along with the full scope of
equivalents to which such claims are entitled. Accordingly, the claims are not

5 limited by the disclosure.
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CLAIMS

We claim:

1. A regulator device to regulate an input power applied to a
plurality of light emitters, comprising:

a plurality of switches each of which selectively electrically couples a
respective number of the light emitters to receive the input power when the switch is
deactivated; and

a control circuit coupled to receive the input power and controllingly
coupled to the plurality of switches, the control circuit configured to sense an
operational parameter of the input power, the control circuit to deactivate a number
of the switches to electrically couple the respective light emitters to the input power
and a first number of the light emitters responsive to the sensed operational
parameter of the input power, and to adjust the number of the switches deactivated
responsive to a change in the sensed operational parameter of the input power,
where the first number of the light emitters are coupled to the input power regardless

of the sensed operational parameter of the input power.

2. The regulator device of claim 1 wherein the control circuit
deactivates a number of the switches to electrically couple the respective light
emitters in series to the input power to emit light responsive to the sensed
operational parameter of the input power, and wherein the control circuit adjusts the
number of the switches deactivated to adjust the number of light emitters electrically
coupled in series to the input power responsive to a change in the sensed

operational parameter of the input power.
3. The regulator device of claim 2 wherein the control circuit

senses at least one of a current value and a voltage value of the input power applied

to the number of light emitters electrically coupled in series to the input power.
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4. The regulator device of claim 1 wherein each of the plurality of

switches is electrically coupled to a respective one of the light emitters.

5. The regulator device of claim 1 wherein a first switch of the
plurality of switches is selectively operable to electrically short a first number of the
light emitters, wherein a second switch of the plurality of switches is selectively
operable to electrically short a second number of the light emitters, the second

number being twice the first number.

6. The regulator device of claim 1 wherein the control circuit
adjusts the number of switches deactivated to adjust the number of the respective
light emitters electrically coupled in series to the input power to achieve a target
voltage drop across the total number of light emitters electrically coupled in series to
the input power responsive to a change in the sensed operational parameter of the

input power.

7. The regulator device of claim 1 wherein the control circuit
adjusts the number of switches deactivated to adjust the number of the respective
light emitters electrically coupled in series to the input power to achieve a target
current value of a current flowing through the total number of light emitters
electrically coupled in series to the input power responsive to a change in the sensed

operational parameter of the input power.

8. The regulator device of claim 1 wherein the control circuit
includes a microcontroller, the microcontroller activates and deactivates a number of
the switches to adjust a total number of the plurality of light emitters electrically
coupled in series to the input power responsive to the sensed operational parameter

of the input power.

9. The regulator device of claim 1 wherein the control circuit

includes an analog-to-digital converter (ADC) to activate and deactivate a number of
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the switches to adjust a total number of the plurality of light emitters electrically
coupled in series to the input power responsive to the sensed operational parameter

of the input power.

10.  The regulator device of claim 1 wherein the control circuit
includes a plurality of comparators each of which is electrically coupled to a
respective number of the switches to activate and deactivate the respective number
of the switches to adjust a total number of the plurality of light emitters electrically
coupled in series to the input power responsive to the sensed operational parameter

of the input power.

11.  The regulator device of claim 1 wherein the control circuit
includes a current sensor to sense a current value of the input power, and wherein
the current sensor comprises one of a resistive sensor, a Hall-effect sensor, and a

sense-coil type sensor.

12.  The regulator device of claim 1 wherein the control circuit
includes a plurality of pulse width modulation (PWM) modules each of which

electrically coupled to drive a respective one of the plurality of switches.

13.  The regulator device of claim 12 wherein at least one of the
PWM modules drives the respective switch with a pulse stream of increasing duty

cycle to activate the respective switch.

14.  The regulator device of claim 12 wherein at least one of the
PWM modules drives the respective switch with a pulse stream of decreasing duty

cycle to deactivate the respective switch.
15.  The regulator device of claim 12 wherein the control circuit

further includes a triangle wave generator to provide a triangular-wave signal to the
PWM modules.
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16.  The regulator device of claim 1, further comprising:

a voltage regulator to provide a regulated input power to power the
control circuit, the voltage regulator electrically coupled to receive power from a base
string of light emitters of the plurality of light emitters that is coupled to receive the

input power.

17.  The regulator device of claim 1 wherein the control circuit and

the switches are parts of a processor.

18.  Anillumination device, comprising:

a first plurality of light emitters coupled to an input power;

a second plurality of light emitters; and

a control system electrically coupled to the second plurality of light
emitters and the input power, the control system to sense an operational parameter
of the input power, the control system configured to electrically couple a number of
the second plurality of light emitters in series to the input power and with the first
plurality of light emitters responsive to the sensed operational parameter of the input

power exceeding a first threshold value.

19.  The illumination device of claim 18, further comprising:

a rectifier circuit coupled to receive an alternating current (AC) power
and the control system to rectify the AC power to provide the input power in direct
current (DC) form to the control system, wherein the control system is configured to

measure a waveform of the AC power.

20. The illumination device of claim 18, further comprising:

a rectifier circuit coupled to receive an alternating current (AC) power
and the control system to rectify the AC power to provide the input power in direct
current (DC) form to the control system, the rectifier circuit including a bridge rectifier

having at least one light-emitting diode (LED).
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21.  The illumination device of claim 18 wherein the control system
senses at least one of a current value and a voltage value of the input power and
electrically couples a number of the second plurality of light emitters in series to the
input power and with the first plurality of the light emitters responsive to the sensed
at least one of the current value and the voltage value of the input power exceeding

the respective threshold current value or threshold voltage value.

22.  The illumination device of claim 18 wherein the control system
electrically couples all of the second plurality of light emitters in series to the input
power and with the first plurality of light emitters responsive to the sensed
operational parameter of the input power exceeding a second threshold value that is

greater than the first threshold value.

23.  The illumination device of claim 18 wherein the control system
includes a microcontroller and a plurality of transistors each of which is electrically
coupled to the microcontroller to be controlled thereby, wherein the microcontroller
deactivates at least one of the transistors to electrically couple a number of the
second plurality of light emitters in series to the input power and with the first number
of the light emitters responsive to the sensed operational parameter of the input

power being between the first threshold value and a second threshold value.

24.  The illumination device of claim 18 wherein the control system
includes an analog-to-digital converter (ADC) and a plurality of transistors each of
which is electrically coupled to the ADC to be controlled thereby, wherein the ADC
deactivates at least one of the transistors to electrically couple the a number of the
second plurality of light emitters in series to the input power and with the first plurality
of light emitters responsive to the sensed operational parameter of the input power

being between the first threshold value and a second threshold value.

25.  The illumination device of claim 18 wherein the control system

includes a plurality of comparators and a plurality of transistors, each of the
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comparators controllingly coupled to a respective number of the transistors, each of
the transistors electrically coupled to a respective number of the second plurality of
light emitters, wherein each of the comparators compares the sensed operational
parameter of the input power to a respective threshold value and deactivates the
respective transistors to electrically couple the respective number of the second
plurality of light emitters in series to the input power and with the first plurality of light
emitters responsive to the sensed operational parameter of the input power being

between the respective threshold value and a second threshold value.

26. The illumination device of claim 19 wherein the control system
includes a current sensor to sense a current value of the input power, and wherein
the current sensor comprises one of a resistive sensor, a Hall-effect sensor, and a

sense-coil type sensor.

27.  The illumination device of claim 18 wherein the light emitters

comprise solid-state light emitters.

28.  The illumination device of claim 18 wherein the light emitters

comprise LEDs.

29.  The illumination device of claim 19, further comprising:
an energy storage element coupled to an output of the rectifier circuit to

provide a substantially constant DC voltage for the light emitters.

30.  The illumination device of claim 18, further comprising:
a voltage regulator to provide a regulated input power to power the
control system, the voltage regulator electrically coupled to receive power from the

first plurality of light emitters.

31.  The illumination device of claim 30 wherein the voltage regulator

is coupled to a first node in a base string of light emitters formed by the first plurality
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of light emitters, at least one of the light emitters in the base string being between the

first node and an electrical ground to provide a DC voltage to the voltage regulator.

32.  The illumination device of claim 30, further comprising:

a rectifier electrically coupled between the voltage regulator and the
first plurality of light emitters to rectify the power received by the voltage regulator
from the first plurality of light emitters; and

an energy storage element electrically coupled between the rectifier

and the voltage regulator.

33. The illumination device of claim 18 wherein the control system

and at least one of the light emitters are parts of an LED-array light source.

34. The illumination device of claim 18 wherein the control system

and at least one of the light emitters are parts of a monolithic LED light source.

35.  Anillumination device, comprising:

a plurality of light emitters, a first number of light emitters of the plurality
of light emitters being electrically coupled in series to an input power;

a plurality of switches which when deactivated electrically couple a
respective number of the light emitters to the input power in addition to the first
number of the light emitters; and

a control circuit controllingly coupled to the plurality of switches to
activate and deactivate the switches in response to a sensed operational parameter

of the input power being greater than a first threshold value.

36.  The illumination device of claim 35, further comprising:

a rectifier circuit coupled to an alternating current (AC) power to rectify
the AC power and coupled to provide the input power in direct current (DC) form to
the control circuit and the first number of the light emitters, wherein the control circuit

is configured to measure a waveform of the AC power.
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37.  The illumination device of claim 35, further comprising:

a rectifier circuit coupled to an alternating current (AC) power to rectify
the AC power and coupled to provide the input power in direct current (DC) form to
the control circuit and the first number of the light emitters, the rectifier circuit

including a bridge rectifier having at least one light-emitting diode (LED).

38.  The illumination device of claim 35 wherein a first switch of the
plurality of switches is electrically coupled to short a second number of the light
emitters, wherein a second switch of the plurality of switches is electrically coupled to
short a third number of the light emitters, the third number being twice the second

number.

39. The illumination device of claim 35 wherein each of the plurality
of switches is electrically coupled to short a respective one of the light emitters when

activated.

40.  The illumination device of claim 35 wherein the control circuit
activates all of the switches responsive to the sensed operational parameter of the

input power being below the first threshold value.

41.  The illumination device of claim 35 wherein the control circuit
deactivates a first number of the switches responsive to the sensed operational

parameter of the input power being at a first value above the first threshold value.

42.  The illumination device of claim 41 wherein the control circuit
deactivates a first number plus a second number of the switches responsive to the
sensed operational parameter of the input power being at a second value above the

first threshold value, the second value being greater than the first value.

43. The illumination device of claim 41 wherein the control circuit

deactivates all of the switches responsive to the sensed operational parameter of the
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input power being above a second threshold value, the second threshold value being

greater than the first threshold value.

44.  The illumination device of claim 35 wherein the plurality of light

emitters comprises a plurality of solid-state light emitters.

45.  The illumination device of claim 35 wherein the plurality of light

emitters comprises a plurality of LEDs.

46. The illumination device of claim 36, further comprising:
an energy storage element coupled to an output of the rectifier circuit to

provide a substantially constant DC voltage for the light emitters.

47.  The illumination device of claim 35 wherein the control circuit
includes a current sensor to sense a current value of the input power, and wherein
the current sensor comprises one of a resistive sensor, a Hall-effect sensor, and a

sense-coil type sensor.

48. The illumination device of claim 35 wherein the control circuit
includes a plurality of pulse width modulation (PWM) modules each of which

electrically coupled to drive a respective one of the plurality of switches.

49.  The illumination device of claim 48 wherein at least one of the
PWM modules drives the respective switch with a pulse stream of increasing duty

cycle to activate the respective switch.
50. The illumination device of claim 48 wherein at least one of the

PWM modules drives the respective switch with a pulse stream of decreasing duty

cycle to deactivate the respective switch.
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51.  The illumination device of claim 48 wherein the control circuit
further includes a triangle wave generator to provide a triangular-wave signal to the
PWM modules.

52.  The illumination device of claim 35, further comprising:
a voltage regulator to provide a regulated input power to power the
control circuit, the voltage regulator electrically coupled to receive power from the

first number of light emitters.

53. The illumination device of claim 52 wherein the voltage regulator
is coupled to a first node in a base string of light emitters formed by the first number
of light emitters, at least one of the light emitters in the base string being between the

first node and an electrical ground to provide a DC voltage to the voltage regulator.

54.  The illumination device of claim 52, further comprising:

a rectifier electrically coupled between the voltage regulator and the
first number of light emitters to rectify the power received by the voltage regulator
from the first number of light emitters; and

an energy storage element electrically coupled between the rectifier

and the voltage regulator.

55.  The regulator device of claim 35 wherein the control circuit and

the switches are parts of a processor.

56. The regulator device of claim 35 wherein the control circuit and

at least one of the light emitters are parts of an LED-array light source.

57.  The regulator device of claim 35 wherein the control circuit and

at least one of the light emitters are parts of a monolithic LED light source.
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58. A method to regulate an input power, comprising:

determining a number of light emitters of a plurality of light emitters to
be electrically coupled the input power based on an operational parameter of the
input power; and

electrically coupling the number of light emitters of the plurality of light
emitters to the input power based on the operational parameter of the input power,
the number of the light emitters coupled to the input power being between a value M
and a value N where the value N is equal to a total quantity of light emitters in the
plurality of light emitters, the value M being a positive number greater than zero but

less than the value N.

59.  The method of claim 58, further comprising:

sensing the operational parameter of the input power.

60. The method of claim 58 wherein electrically coupling a number
of light emitters of the plurality of light emitters to the input power based on the
operational parameter of the input power comprises electrically coupling a number M
of the light emitters in series to the input power in response to the operational

parameter of the input power being equal to or less than a threshold value.

61.  The method of claim 58 wherein electrically coupling a number
of light emitters of the plurality of light emitters to the input power based on the
operational parameter of the input power comprises electrically coupling a number R
of the light emitters in series to the input power responsive to the sensed operational
parameter of the input power being equal to or greater than a threshold value, where

the number R is a positive number between M and N.

62. The method of claim 58 wherein electrically coupling a number
of light emitters of the plurality of light emitters to the input power based on the
operational parameter of the input power comprises varying the number of the light

emitters electrically coupled in series to the input power to be between the value M
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and the value N by a variable increment responsive to the sensed operational
parameter of the input power, the variable increment ranging between 1 and a value

equal to N-M.

63. The method of claim 62 wherein varying the number of the light
emitters electrically coupled in series to the input power to be between the value M
and the value N by a variable increment comprises varying the number of the light
emitters electrically coupled in series to the input power to be between the value M
and the value N by a number of 2 to the P" power, where P is a positive integer

greater than or equal to zero.

64. The method of claim 58 wherein electrically coupling a number
of light emitters of the plurality of light emitters to the input power based on the
operational parameter of the input power comprises varying the number of the light
emitters electrically coupled in series to the input power to be between the value M
and the value N by an increment or decrement equal to 1 responsive to the sensed

operational parameter of the input power being greater than a threshold value.

65. The method of claim 58 wherein electrically coupling a number
of light emitters of the plurality of light emitters to the input power based on the
operational parameter of the input power comprises deactivating a number of a
plurality of switches to electrically couple a respective number of the light emitters to
the input power in response to the operational parameter of the input power being
greater than a threshold value, the respective number of the emitters coupled to the

input power being between the value M and the value N.
66. The method of claim 59 wherein sensing the operational

parameter of an input power comprises sensing at least one of a current value and a

voltage value of the input power.
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67. The method of claim 58 wherein electrically coupling a number
of light emitters of a plurality of light emitters to the input power comprises electrically
coupling a number of solid-state light emitters of a plurality of solid-state light

emitters to the input power.

68. The method of claim 58 wherein electrically coupling a number
of light emitters of a plurality light emitters to the input power comprises electrically
coupling a number of light-emitting diodes (LEDs) of a plurality of LEDs to the input

power.

69. A method to regulate an input power, comprising:

electrically coupling a number of light emitters of a plurality of light
emitters to the input power; and

maintaining a first operational parameter of the input power proximate
to a target value by adjusting a total number of light emitters of the plurality of light
emitters electrically coupled to the input power responsive to a variation in a second

operational parameter of the input power.

70.  The method of claim 69 wherein electrically coupling a number
of light emitters of a plurality of light emitters to an input power comprises electrically
coupling a number of solid-state light emitters of a plurality of solid-state light

emitters to the input power.

71.  The method of claim 69 wherein electrically coupling a number
of light emitters of a plurality of light emitters to the input power comprises electrically
coupling a number of light-emitting diodes (LEDs) of a plurality of LEDs to the input

power.
72.  The method of claim 69 wherein maintaining a first operational

parameter of the input power proximate to a target value comprises maintaining a

current value of the input power proximate to a target current value.
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73.  The method of claim 69 wherein adjusting a total number of light
emitters of the plurality of light emitters electrically coupled to the input power
responsive to a variation in a second operational parameter of the input power
comprises electrically coupling a first number of light emitters of the plurality of light
emitters in series to the input power responsive to the second operational parameter

of the input power being equal to or less than a first threshold value.

74. The method of claim 73, further comprising:

electrically coupling a variable number of light emitters of the plurality
of light emitters in series to the input power responsive to the second operational
parameter of the input power being between the first threshold value and a second
threshold value that is greater than the first threshold value, where the variable

number is greater than the first number.

75.  The method of claim 74, further comprising:
electrically coupling all of the light emitters of the plurality of light
emitters in series to the input power responsive to the second operational parameter

of the input power exceeding the second threshold value.

76.  The method of claim 69 wherein adjusting a total number of light
emitters of the plurality of light emitters electrically coupled to the input power
responsive to a variation in a second operational parameter of the input power
comprises adjusting the number of light emitters of the plurality of light emitters
electrically coupled in series to the input power proportionally to the variation in the

second operational parameter of the input power.

77.  The method of claim 69 wherein adjusting a total number of light
emitters of the plurality of light emitters electrically coupled to the input power
responsive to a variation in a second operational parameter of the input power

comprises electrically coupling substrings of light emitters of the plurality of light
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emitters in series to the input power responsive to a variation in the second

operational parameter of the input power.

78.  The method of claim 69 wherein maintaining a first operational
parameter of the input power proximate to a target value by adjusting a total number
of light emitters of the plurality of light emitters electrically coupled to the input power
responsive to a variation in a second operational parameter of the input power
comprises maintaining the first operational parameter of the input power proximate to
the target value by adjusting a total number of light emitters of the plurality of light
emitters electrically coupled in series to the input power to achieve a voltage drop
across the number of light emitters electrically coupled in series to the input power

responsive to a variation in the second operational parameter of the input power.

79. The method of claim 69 wherein the first and the second

operational parameters of the input power are the same as one another.

80. The method of claim 69 wherein the first and the second

operational parameters of the input power are different from one another.

81.  Anillumination device, comprising:

a light emitting diode-based rectifier that includes a plurality of diodes
arranged as a bridge circuit, at least one of the plurality of diodes being a light
emitting diode, the bridge circuit coupleable to an alternating current (AC) power and

operable to rectify the AC power and provide a direct current (DC) power output.

82.  The illumination device of claim 81 wherein the bridge circuit

includes four legs, each of the legs including at least one light emitting diode.
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